The seminal proposal by Fu and Kane 1 to use the superconducting proximity effect for engineering a topological superconducting (TSC) state in a topological insulator (TI) has been extended to various materials platforms 2 and pursued by many researchers, with the hope to realize topological quantum computing 3 . While epitaxially-grown Al on InAs realizing a highlytransparent interface was a major breakthrough 4 in the pursuit of engineered TSC state, precise control of the chemical potential required for topological quantum computing has been an issue in InAs 3 . In this respect, TIs in the original Fu-Kane proposal are more promising. However, epitaxial growth of a superconductor (SC) on the TI surface to realize a highly-transparent interface has never been achieved so far. Here we report our discovery that simply depositing Pd on (Bi 1−x Sb x ) 2 Te 3 topological insulator films leads to an epitaxial self-formation of PdTe 2 superconductor, which proximitizes the TI with a record-high interface transparency documented by Josephson-junction and SQUID devices. This will allow for easy fabrication of high-performance devices to address proximity-induced superconductivity in TIs and eventually the Majorana fermions 2 that are expected to emerge there.
The seminal proposal by Fu and Kane 1 to use the superconducting proximity effect for engineering a topological superconducting (TSC) state in a topological insulator (TI) has been extended to various materials platforms 2 and pursued by many researchers, with the hope to realize topological quantum computing 3 . While epitaxially-grown Al on InAs realizing a highlytransparent interface was a major breakthrough 4 in the pursuit of engineered TSC state, precise control of the chemical potential required for topological quantum computing has been an issue in InAs 3 . In this respect, TIs in the original Fu-Kane proposal are more promising. However, epitaxial growth of a superconductor (SC) on the TI surface to realize a highly-transparent interface has never been achieved so far. Here we report our discovery that simply depositing Pd on (Bi 1−x Sb x ) 2 Te 3 topological insulator films leads to an epitaxial self-formation of PdTe 2 superconductor, which proximitizes the TI with a record-high interface transparency documented by Josephson-junction and SQUID devices. This will allow for easy fabrication of high-performance devices to address proximity-induced superconductivity in TIs and eventually the Majorana fermions 2 that are expected to emerge there.
The key idea of the Fu-Kane proposal is to induce Cooper pairing among electrons that are effectively "spinless", which is naturally realized in the TI surface states due to the spin-momentum locking 5 . Hence, in TIs, the spinless nature can be utilized as long as the chemical potential µ is located within the bulk band gap which is typically of the order of ∼100 meV 6 . Similar spinless situation can be created in strongly spin-orbitcoupled semiconductors by applying a high magnetic field to remove the states near k = 0 via the Zeeman-gap opening 7, 8 . However, the spinless situation in this case is reached only when µ is tuned into the Zeeman gap of the order of a few meV, and achieving this condition throughout the sample is difficult in the presence of disorder. This is the reason why TIs could be better suited to the engineering of the TSC state.
While TIs are in principle a promising platform, preparing a highly-transparent TI/SC interface to induce robust Cooper pairing in TIs has not been straightforward [9] [10] [11] [12] [13] [14] [15] . In particular, epitaxial growth of a SC layer on a TI has been rarely reported. Since the epitaxial growth of Al on InAs was shown to be crucial for the semiconductor platform in its advancement of the proximity-effect devices 3, 4 , it is highly desirable to be able to make similar devices for TIs and to characterize the interface transparency. This work addresses exactly such a need.
Our discovery of the epitaxial self-formation of PdTe 2 superconductor on the Pd-deposited (Bi 1−x Sb x ) 2 Te 3 (BST) surface was serendipitously made while we were trying to find a suitable electrode material for BST that does not require a wetting layer. Since we occasionally observed traces of superconductivity in BST devices having Pd electrodes, we tried to nail it down by preparing Pd/BST bilayer films by sputtering Pd on MBE-grown BST thin films with x = 0.85, which usually gives us bulk-insulating samples 16 . The bilayer films were then patterned into a Hall-bar shape using photolithography. As shown in Fig. 1a , relatively sharp superconducting transition was observed in such a device with the midpoint T c of 0.67 K (transition width ∆ T c 0.13 K). The midpoint upper critical field H c2 measured on this sample at 8 mK in perpendicular field was 1.09 T ( Fig.  1b ). Clearly, a superconducting phase is present in this bilayer film, even though neither Pd nor BST is a superconductor. Hence, the observed superconductivity must originate from a new phase self-formed at the interface at room temperature.
To identify the SC phase in our samples, we employed scanning transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDX). Two new phases were observed at the interface: an amorphous layer poor in Pd and Te and a crystalline layer rich in Pd, as shown in Figs. 2a and 2b. The high-resolution STEM image ( Fig. 2d ) shows that the crystalline phase comprises a triple-layer structure. As the atoms within a triple-layer show different scattering intensities, at least two types of atoms are present. After a careful comparison of the crystal structure and the lattice constants with known materials, this crystalline phase was identified to be PdTe 2 , which is composed of hexagonal Te-Pd-Te triple-layers stacked by the van der Waals force along the c direction ( Fig. 2c , left) with lattice constants a = 4.04Å and c = 5.13Å 17 . When viewed along the b direction ( Fig. 2c, right) , the structure matches what is seen in Fig. 2d . The observed lattice constants were a = 4.07Å and c = 5.44Å, pointing to a lattice expansion of 6.0% in the c direction. The origin of this expansion is most likely the intercalation of Bi/Sb atoms into the van der Waals gap (see Supplementary Information for details).
An important information we obtain from the STEM image is that the PdTe 2 layer is epitaxially formed with an atomically-sharp interface to BST; in fact, in Fig. 2e one can see clear signatures of van-der-Waals epitaxy. The mechanism of this epitaxial self-formation of PdTe 2 that proceeds at room temperature is an interesting topic of future research. We speculate that it is triggered by the diffusion of Pd atoms into BST, resulting in a phase separation into (i) crystalline PdTe 2 phase with some Bi/Sb atoms incorporated as intercalant and (ii) amorphous phase containing the Bi/Sb atoms that were pushed out from the PdTe 2 phase. This scenario is the most consistent with our EDX result shown in Fig. 2a . PdTe 2 is long known 18 to superconduct with T c up to 2.0 K. Recently, PdTe 2 was found to be a type-II Dirac semimetal 19, 20 and was furthermore proposed to realize topological superconductivity in the bulk [19] [20] [21] . However, very recent experiments show that PdTe 2 is most likely a conventional s-wave superconductor 22, 23 . Hence, we can conceive the PdTe 2 layer to be the proximitizing SC which brings s-wave Cooper pairing into BST. In fact, the H c2 value of 1.09 T measured at 8 mK agrees well with the theoretical zero-temperature value of 1.13 T calculated from the slope (dH c2 /dT ) T =Tc = −2.44 T/K using the WHH theory 24 , pointing to a conventional nature of the superconductivity.
We have investigated three differently-prepared samples of Pd/BST bilayer films by fabricating Hall-bars. All samples, regardless of the details of the Pd deposi-tion process, showed robust superconductivity with T c = 0.67 -1.22 K, as summarized in Table S1 of the Supplementary Information. These T c values are lower than the T c of bulk PdTe 2 , which is probably due to the limited thickness of the PdTe 2 layer (< 10 nm). Such a reduction in T c was also reported for PdTe 2 thin films grown by molecular-beam epitaxy (MBE) 17 .
After identifying the SC phase and confirming the robustness of its self-formation, it is important to characterize the transparency of the PdTe 2 /BST interface. For this purpose, we fabricated a Josephson junction and a SQUID by defining the superconducting parts via electron-beam lithography and Pd deposition/lift-off (see Table S1 for important parameters). A scanning electron microscope (SEM) image of the Josephson junction (device A) is shown in Fig. 3a . The separation between the Pd electrodes in this device was ∼100 nm. From the resistance (R) vs temperature (T ) curve shown in Fig.  3b , one can see that the self-formed PdTe 2 layer beneath the Pd electrode in this device had T c ≈ 0.90 K and the Josephson coupling between the two SC electrodes is establish to give zero resistivity at T 150 mK. This device is designed to have narrow (∼500 nm) SC electrodes to minimize flux jumps which disturb Fraunhofer-pattern measurements 13 .
The I-V curve of device A in zero magnetic field at the base temperature of our dilution refrigerator (T = 8 mK) shows the junction critical current I c = 0.39 µA, above which the junction shows a finite resistance ( Fig. 3c ). When the current I dc is above 1.1 µA, the superconducting critical current of the PdTe 2 electrode is exceeded, which is marked by a horizontal jump in Fig. 3c . The jump occurs at the dc voltage V dc = 0.11 mV which is much lower than the bias voltage V gap ≡ 2∆/e ≈ 3.5k B T c /e ≈ 0.27 mV necessary for reaching the linear I-V region for the determination of the excess current 25, 26 . Hence, the estimate of the interface transparency through the excess current was not possible for device A. The I-V curves showed no hysteretic behavior, indicating that the junction was in the overdamped region. The overdamped nature of device A is understood by its small Stewart-McCumber parameter
Although the narrow SC electrode was problematic for the excess current measurement, it was necessary for observing the Fraunhofer pattern without being bothered by flux jumps. The mapping of dV /dI in the I dc vs H plane is shown in Fig. 3d , where the dark blue region corresponds to the zero-resistance state and I c can be inferred from its boundary in white or light blue colour. The quasi-periodic change in I c with H roughly follows a Fraunhofer-like pattern, but it deviates from the standard pattern described by I c (H) = I c0 | sin(πΦ J /Φ 0 )/(πΦ J /Φ 0 )|, where I c0 is the critical current at H = 0, Φ J is the magnetic flux threading the junction channel and Φ 0 = h/2e is the flux quantum. Our previous work on TI-based Josephson junctions explained similar deviations as a result of inhomogeneous current distributions in the junction area 13 .
We emphasize that the observation of a Fraunhoferlike pattern gives evidence that the zero-resistance state of our junction was not caused by superconducting shorts between the SC electrodes. This is an important piece of information, because the PdTe 2 layer is self-formed beneath the deposited Pd electrode and it is not a priori clear how sharply the boundary of the PdTe 2 layer follow the boundary of the Pd electrode. It appears that the boundary of PdTe 2 almost precisely follow that of the Pd electrodes.
To perform the excess current measurement, we made a SQUID (device B) with relatively wide (∼1 µm) SC electrodes so that they can carry larger supercurrent. As shown in Fig. 4a , device B has two identical Josephson junctions with 50-nm length and 600-nm width. The effective area of the SQUID loop, S eff , was 6 µm 2 . The SQUID design allowed us to measure the periodic change in I c (H) at very low fields, µ 0 H 1 mT, where no flux jump occurs.
The R(T ) curve of device B (Fig. 4b) shows that the PdTe 2 layer has T c ≈ 0.70 K and there remains a finite apparent resistance (∼ 25 Ω) down to 8 mK, which is probably caused by noise, because the SQUID loop is much more susceptible to noise pick-up. In fact, device B showed a small but clear junction critical current ( Fig.  4c inset) , suggesting that the junctions were essentially in the zero-resistance state at the base temperature in zero field. The mapping of dV /dI in the I dc vs H plane for device B (Fig. 4d) shows clean SQUID-type oscillations with the period µ 0 ∆H = 0.36 mT, which is consistent with the expectation µ 0 ∆H cal = Φ 0 /S eff = 0.34 mT. This I c (H) behavior confirms the successful formation of two Josephson junctions.
The I-V curve of device B at 8 mK (Fig. 4c) shows that the linear I-V region at V dc > V gap = 3.5k B T c /e ≈ 0.21 mV can be reached without driving the PdTe 2 layer out of superconductivity. A linear fit was performed for the linear region and extrapolated to V dc = 0, yielding the excess current I e = 0.40 µA, which is much larger than the critical current I c = 0.07 µA of the SQUID. The normal-state resistance R N = 562 Ω is also obtained from this linear fitting. Assuming that the two Josephson junctions are identical, the I e R N product of each junction is calculated as I JJ e R JJ N = (I e /2)(2R N ) = I e R N ≈ 0.23 mV. Together with the superconducting gap estimated as ∆ = 1.75k B T c ≈ 0.105 meV, a barrier strength Z ≈ 0.19 is obtained for the PdTe 2 /BST interface using the Octavio-Tinkham-Blonder-Klapwijk theory 25, 26 , which gives a transparency as high as T = 1/(1 + Z 2 ) ≈ 0.96. This is a record-high transparency for SC/TI interfaces [9] [10] [11] [12] [13] [14] [15] . We note that a "transparency" of 0.95 was recently claimed for an in-situ-prepared Nb/BST Josephson junction 15 , but that estimate was for the transparency of the ballistic transport within the TI surface, not for the Nb/BST interface.
The very high interface transparency observed here owes obviously to the epitaxial nature of the interface between self-formed PdTe 2 and BST. Epitaxial growth of a superconductor on the TI surface is rare, and to our knowledge, the MBE-growth of PdTe 2 on Bi 2 Te 3 by Xue et al. 27 is so far the only report, although in that work no device was made and the superconducting property of PdTe 2 was poorly characterized. The inverted scheme, i.e. epitaxial growth of a TI on the surface of a superconductor, have been tried in the past [28] [29] [30] , but the fabrication of a Josephson junction is impossible in such a structure and the characterizations have been performed only via scanning tunneling microscopy or angleresolved photoemission spectroscopy. Therefore, the new and convenient scheme for preparing an epitaxial SC/TI interface compatible with nano-device fabrication is a big step forward in the realization of the Fu-Kane proposal in TIs to engineer a TSC state, which may eventually allow us to perform topological quantum computing.
Methods
BST thin film. (Bi 1−x Sb x ) 2 Te 3 films were grown on sapphire (0001) substrates by co-evaporation of highpurity Bi, Sb, and Te from Knudsen cells in the ultra-high vacuum MBE chamber. During the growth, the flux ratio of Bi and Sb was kept at 1:5.5, with which the x value of the grown films was 0.85. A two-step deposition procedure was employed, in which the substrate temperature was changed as follows: ramping from 220 • C to 280 • C in 14 min and then keeping it at 280 • C for the time period which is sufficient to grow a film with a desirable thick-ness. The thickness and morphology of the grown films were measured ex situ by AFM.
Pd deposition. We employed both magnetron sputtering and thermal deposition for preparing Pd layers, but the bottom portion of Pd to come in contact with BST was always deposited by sputtering. The freshly grown BST films were immediately transferred into a vacuum chamber for Pd sputtering (see Supplementary Information for the characterization of sputtered Pd films). For BST films that have been exposed to air for some time, an additional process of low-power Ar plasma etching (Power = 10 W for 1 minute) was applied to etch down the film by ∼2 nm for the purpose of surface cleaning. No difference in transport properties was observed between the freshly-grown films and air-exposed films.
EDX and TEM analyses. EDX and STEM analyses were performed with FEI Titan G2 80-200, which is equipped with a Cs probe corrector (CEOS DCOR), and an in-column Super-X detector for acquisition of energydispersive X-ray (EDX) spectra. The EDX line scans ( Fig. 2a) , which are averaged along 30 nm parallel to the interfaces, were obtained at an acceleration voltage V acc of 80 kV. High-resolution high-angular dark-field images were recorded at V acc = 200 kV.
Device fabrication. The Hall-bar devices for characterizing the Pd/(Bi 1−x Sb x ) 2 Te 3 bilayer films were patterned with photolithography and Ar plasma etching. To avoid heating which degrades BST films, the photo-resist was cured at room temperature for 12 hours without baking. The Josephson junction and the SQUID were fabricated using electron-beam lithography. After the resist development, samples were cleaned in Ar plasma at 10 W for 1 minute to remove possible resist residues in the contact areas. The Pd deposition was performed in two steps. First a thin layer of Pd was deposited by magnetron sputtering, and then additional Pd was deposited by thermal evaporation to increase the total thickness of the Pd electrodes; this was necessary for assuring good contrast under SEM for the characterization of the device dimensions. The lift-off was done in warm acetone.
Transport Measurement. The Hall-bar devices were measured in four-terminal configuration using a lowfrequency ac lock-in technique; all the devices were measured down to 280 mK in a 3 He cryostat, and the device made from sample 1 was additionally measured in a dry dilution refrigerator (Oxford Instruments TRITON 200) down to the base temperature of 8 mK. The measurements of the Josephson junctions and SQUIDs were performed in the dilution refrigerator in a pseudo-fourterminal geometry. We performed both dc I-V and ac differential resistance (dV /dI) measurements. The superconducting magnet was driven with a Keithley 2450 Sourcemeter to ensure a precise control of the small applied magnetic field. TABLE S1 . Summary of the preparation parameters and properties of the samples and devices measured in this study. Tc of samples 1 -3 is defined as the temperature at the midpoint of the resistive transition. For devices A and B, Tc is defined as the midpoint of the main resistance drop in the R(T ) curve. Hc2 shown here is defined as the midpoint in the resistive transition measured at T = 280 mK. ∆Tc is the temperature interval in which the resistance changed from 90% to 10% of the normal-state resistance during the superconducting transition. "sputt." and "evap." stand for sputtered and evaporated, respectively.
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I. AFM MEASUREMENTS BEFORE AND AFTER PD DEPOSITION
The morphology of sample 1 was characterized before and after the Pd deposition using an atomic force microscope (AFM), as shown in Fig. S1 . The high quality of the as-grown (Bi 1−x Sb x ) 2 Te 3 (BST) film is confirmed by the large, atomically flat terraces seen on the surface. After the deposition of a 8-nm Pd layer by magnetron sputtering, the triangular structures of the BST film beneath are still visible (Fig. S1b) , indicating that the sputtered Pd layer covers the BST surface uniformly. The sputtered Pd layer forms a polycrystalline film. Nano-grains of Pd with a mean diameter of ∼7 nm are seen in the small-area scanning, as shown in Fig. S1c . 
II. ADDITIONAL STEM DATA
A high-resolution scanning transmission electron microscopy (STEM) image of the epitaxial PdTe 2 layer is shown in Fig. S2a . The Te-Pd-Te triple-layers of PdTe 2 are clearly resolved, as indicated by the color balls superimposed on the STEM image. The outer tellurium atoms are heavier than the inner palladium atoms and therefore are larger and brighter in the STEM image. Some atoms (most likely Bi or Sb) are occasionally seen intercalated in the van der Waals gap of PdTe 2 ; an example of an intercalated atom is pointed by the arrow in Fig. S2a .
The lattice constants of bulk PdTe 2 are a = 4.04Å and c = 5.13Å 1 . To obtain the lattice constants of the self-formed PdTe 2 layer, two-dimensional fast Fourier transform (2D FFT) was performed on a high-resolution STEM image of the PdTe 2 phase (Fig. S2b) . The lattice constants obtained from the FFT analysis are a = 4.07Å and c = 5.44Å, corresponding to a lattice expansion of 6.0% in the c direction compared to the bulk value. Such an expansion is larger than the value of 2.1% reported for a 10-triple-layer-thick PdTe 2 film grown on SrTiO 3 (001) surface 1 . The relatively large lattice expansion in the c direction is most likely due to the intercalation of other atoms in the van der Waals gap. 
III. ESTIMATION OF THE STEWART-MCCUMBER PARAMETER
The I-V characteristics of device A show no hysteresis, as seen in Fig. 3c of the main text. According to the RCSJ model of Josephson junctions, the absence of hysteresis in I-V curves indicates an Stewart-McCumber parameter β c = 2πI c R 2 N C/Φ 0 1, where Φ 0 is the flux quantum, C is the shunt capacitance, I c = 391 nA and R N = 110 Ω are the critical current and the normal-state resistance of the Josephson junction, respectively. Here R N is approximated by the junction resistance right after the major superconducting transition in the cooling curve, as plotted in Fig. 3a of the main text. The shunt capacitance C of device A mainly comes from the capacitive coupling between the Pd electrodes, and its order of magnitude can be roughly estimated using the formula for parallel-plate capacitor, which gives C = 0 wd/l ∼ 10 −17 F, where d = 30 nm is the thickness of the Pd electrodes, w = 3 µm and l = 100 nm are the width and length of the Josephson junction, respectively. Note that, due to the small d/l ratio, the actual value of C would be larger than the value estimated using the parallel-plate capacitor formula, but they are of the same order.
With these values of I c , R N and C, the Stewart-McCumber parameter of device A is indeed estimated to be β c ∼ 10 −4 1, which is consistent with the observed non-hysteretic behaviour of the I-V curves.
